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LVMER THEOY OF TIM B X B ~A~l WrtHAN

1. IMODUCTION

An Important Instability associated with the structuring of

Ionospheric plaseas (e.g.,0 high latitude V region and barium clouds) Is

the It x t instability, also know as the gradient drift Instability. The

Instability Is an Interchange Instability which can occur In an

inhomogeneous * weakly collisional, magnetized plasa that contains an

ambient electric field orthogonal to both the ambient magnetic field and

the density gradient. A simple physical picture of the Instability

mechanism Is show In Fig. 1. We consider a plasma such

that 0 11-9 a en n(x) ithn/x >O0and v/ «Vn

<« I where vnIs the collision frequency between species a and neutrals,

and ist the cyclotron frequency of species a. Upon this plasma we Impose

a density perturbation 6in - do sin(k9y) as shown in Fig. 1. The

Influence of ton the plasma Is to cause (1). the electrons and Ions

to 3x It drift In the z direction and (2) an Ion hdersen drift In the y

direction. Ike. latter effect Induces a space charge perturbation electric

field denoted by St. 7b. response of the plasma to this perturbed

electric field Is to drif t with a velocity 6E - c61 x WD 2. Fr the

configuration shown Ig 71S Is 6X causes the heoav fluid perturbation to

fall Into the "lghtn fluid (region 1), and the "light" fluid perturbation

to rise Into the *beavy fluid (region 11) - the classic Interchange

pheomeon.Of course, If the direction of On/ ) or Iy were reversed then

the density perturbation wonuld be damped.

Soe original study of the I x 3 Instability we by Simon (1963) and

Mb (1963)p who applied It to laboratory gas discharge experiments.

90eequent to these first investigations a considerable mount of
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veserob baa been devoted to explaining Ionospheric phenomena based upon

this UWs~biUity (Us= s=d Workman, 1970 and ref erences therein; Stem.n

1970; 14k and hkerendel, 1971; Norkins et al.. 1973; Zabusky et aI.,

1973; Uiiau and Uion, 1972; ftrklus and Doles, 1975; Scannapieco et .1..,

19761 Cbaturvedi amd Ossabow, 1979; Imeskinen and Ossakow, 1982). Two

areas of present Interest concerning the. Instability are barias cloud

strIatiom (am for example the, review papers Ossabov (1979) and Ossaltov

et al.* (1963) and the references therein) end the structuring of plasma

-UAWe In the high latitude 7 region (Vickrey et al., 1960;. ifakinen and

So popsie of this paper I# to present' a general theory of the x

Imstability which ceemiders en ambient electric field at an arbitrary

agtl to the doesty gradienti. and allow the electric field component

parallel to the demaity gradient to be mneen~s awe aspects of the

proea hane been treeted by Ntkiaset ale (1973) and ferin and Doles

(197.5). Parklms and Doles (1*73) ade the Important, discovery. that the

shered velocity, floW (resulting from an ina -gaoe electric field

parallel to thin imaity, gradiet) ,am stabilize the instability.

Awtheimre, short woelemph i odes are preferentially stebilised, over

longer wy lesgth modes Theo work of ftrkins and Dale" (1975) considered

the strong collision limit (vin > w),, assumed a specific density profile

amenable to analytical theory, and Is valid only In the sbort wavelength

regime, i.e., Y L 1 where L is the scale length of the boundary

layer. The present study extends the theory of borkins and Waes (1973)

by renoving these restrictions. Namely, we derive -a differential equation

which describes the mode structure of the I x J, instability. Ion Inertia

effects are Included so that the ratio vin/v is arbitrary. Moreover, we



solve tie equation nimerically -so that. arbitrary density and electric

field profiles cam be considered, and the realm k L < I can be
7

Investigated eelf-cousistently.

Soe principal results of this work are the following.

1. Soe basic conclusions of Perkins and Doles (1975) are verified

aiuerically. Specifically,, the arginal stability criterion they derive

smalytically agrees well with our nmrsical result.*

2. The: Marginal stability criterion Is weakly dependent upon the

uagnitud. of Vin/06

3. The stabilization mechanism is associated with the x dependent,

boppler-shifted frequamy T kV(x)j. where V (,x) - -ct(z)I3, and not
y 7 7

velocity shar ter"s proportional to #A;h or #2yy/~.2

4. 1hel 3X(x*) ?. By were 0 Is the position about Oich the mo

is, localiseds the meet anstable Odes bit" I7  .

Usm orgauination of the paper is as foilowe. to Suctioun we derive

the mods structure equation for the j I IstabIlitys In Suction III we

pruset both analytical med auderital results based "pon this equation.

Viuallyt In button IV we wwwarive out results and discuss applications

to isnehericenma * iOe., bauma cloud striations and high latitude V

realma Irregularities.

4



U1. Torny

The equilibrium configuration used in the analysis is shown in Fit.

2. The ibient magnetic and electric fields are in the x direction and

VA 1% A

the zy planes respectively, where 3 o e and - (z) + The

electric field in the y direction ts constant, while the electric field in

the x direction is allowed to be a function of x. This gives rise to an

inhonogeneous velocity flow In the y direction, i.e., Vy(W) - -cIz(z)/B.

The density is taken to be inhonogeneous in the x direction (n - n(r)) and

temperature effects are ignored.

The basic assmptious used in the analysis are as follow. We assume

that the perturbed quantities vary as 6p 6p(z) exp [i(ky - at)), where

k is the wave number along y direction and - Wr + iy, Implying growth

for Y > 0. The ordering in the frequencies is such that u <<i ad

" <in << ' (the F region approximation), where vin is the ion-neutral

collision frequency and i Is the ion gyrofrequency. We neglect terms of

order w/2i Ad vin/i, but retain terms of order Vin/e. We Ignore finite

gyroradius effects by limiting the wvelength domain to kr << 1, where

rUtis the mean ion Larmor radius. We neglect perturbations along the

magnetic field (k1 - 0) so that only the two-dimensional mode structure in

the xy plane is obtained. We retain ion inertial effects, thereby

Including the ion polarization drift, but Ignore electron inertia.

A key feature of our analysis is that a nonlocal theory is

developed. That is, the mode structure of the potential in the z

direction, the direction in which density and the flow velocity are

assmed to vary, Is determined by a differential equation rather than an

algebraic equation obtained by Fourier analysis. This is crucial to the

6.





analysis since Perkins and Doles (1975) have shown that a nonlocal

analysis Is necessary to demonstrate the stabilizing influence of velocity

shear, due to the inhomogeneous electric field parallel to the density

gradient.

The fundamental equations used in the analysis are continuity and

momentum transfer:

3a
+ V - (nG ) -0 (1)

0 -- (E + . yex) (2)

. . y. + B) (3)
+%+V

where a denotes species (e: electrons, i: ions) and other variables have

their usual meaning. Note that electron Inertia terms are neglected, but

Ion inertia terms are included, and that the neutral wind Is assumed to be

zero. The equilibrium drifts are

ye -cE x(x)/B ey (4)

"(Vin/Q) clz(z)/B + (c€(x)/Ii) c /B) a

+ (-c2(x)z/ + (VinI/n) cz y /) ey (5)

where is have chosen a reference frame such that Vx - V y - cy/D,

" 3eB/mc and i(z) - i 10x. A relationship between n(z) and 3x(x) can

be derived by assuming V • - V * [n(VY -,)] - 0 which reduces to

7
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tv.n~) -o (6)

Equation (6) leads to

n(z) ((Vin/Q) cE (x)/B + (cEO(x)/B3 ) cE /s) - constant (7)xx y

where we take the constant to be the LHS of Eq. (7) evaluated at

X - -. Thus, by specifying the density profIle, the electric field

profile %(x) can be determined from Eq. (7). Of course, if there are

sources and/or sinks In the plasm such that V - (n ,) # 0, then Eq.

(7) Is not applicable.

We now consider a linear perturbation analysis of Eqs. (1)-(3). We

assume n - n + 6n Y a + 6% and E - 1 - V# where # Is the perturb-

ed electrostatic potential. Using Eqs. (2) and (3), we obtain

6Ve -e - Ik (c/) (8)

6Vey " (c/i) ,(9)

6V -(-iky (I - V + i(i/Ol) *" - (Vix/nl) *o) (c/B) (10)

6v - C-kC+ ( - IkvLz/a) -1 (c/B) (11)

where "- , + itn - kyViya Vjy - aViy/a i Vj - aVix, *° -/g/8x and

2#- /h22. Substituting Eqs. (8) - (11) into Bq (1), one can show

that for the Ions

8
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d" ( A+ ivI +a V - o+(1+I VX
0 U

V V (2 V k V &
4.(-ik Ix+ -+i (I-) i + (-k +2! +-Z2Z- (12)

n w

.,.c-, N ,. -,.Z2L ),- ..A c , o. , i, (

+U - U-

and for the electrons

e c, k# a 13n 3 - OE V 7- (13..)

y @7

where w - w - kV y + iV x and the superscripts (o Indicate

first, second and third derivatives with respect to x, respectively.

We assIme quasineutrallty and take Ine a Ga1 . he following equation

Is then obtained from Nls. (12) and (13),

I Co +( + I VIX)4- +IyI (-k + w(

w U ly

.2V k V '
+ I. n' + 2, I+ + - + Y ly

ae U +-7- n

Ie,. y ey noI

- a- ,n ky(l/B), - 0 (14)

~9
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W. simplify Eq. (14) by ssuming the following ordering scheme: a/ax ( ky,
2

Vin/LV << 1 9 VO wV/L . Vo a V/L . kyL << 0 1 v In , k yL << 0/w where L

Is the scale length of the inhomogeneous plasma boundary layer. Equation

(14) can now be written as

*~+ n y ey
n;

k (c /B) vin k no k V+ c +

iT -- n n o -
+ n

L.~L inVey n 0 15

where -N - kyVey(x) t o + k (cZ (x)/B). Equation (15) describes the

two-dimensional mode structure of # for the E x B instability in a

velocity sheared plasma for arbitrary VIn/0.

* 1
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Ill. RESULTS

A. Analytical Results

In general, Eq. (15) requires a mumerical analysis for arbitrary

density and electric field profiles. BReever, insight into the nature of

the - x , Instability can be gained by first considering several limiting

cases.

1. local Theory

WIe first reduce the differential equation, Eq. (15), to an

albegralc equation by making use of local theory. that is, we let

3/at + ik, and assume 2 >> 1 and k2 2L2 >> 1 where L - (n-/n)"  i thez n ynh

scale length of the density Inhomogenelty evaluated at x - xo . Fbr

simplicity, we also take Z Ee~ + E e - constant. In this limit, Eq.

(15) becomes

k2L2  vin IB)

0 ynt o (1IV6)

where w- w- k V and V - - cl /2, Equation (16) has the solution
y ey ey x

V k~ k , :L(c/B) 1/2
6A I i. 1 (I+ 4 (17)

Vin n%

Instability occurs when

"L > o. 18
n

The growth rates of the instability in the strong and weak collisional

limits are, respectively,

11
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-k:-- gym (19)

with a real frequency wm - ke In each case. Note that Instability can

occur forBy- 0an onsas ky* 0and *0 (q. (18);see also bskinen

and Onsakow (198). Flor k - ky, one obtains the usual I x P, gradient

drift instability growth rate (Linson and Workman, 1971) In Eq. (19), and

the so-called high altitude limit ((ssakow at al., 1 978) of the 9 x 3

gradient drift instability In 1q. (20).

2. youlocal Theory

In deriving Sq. (16) the local approximation is used. Shat

ist the dispersion equation Is solved based upon the please paamters at

a particular value of x, say x - x; usually where n'/n Is a maximuifidwic

law~s to MiIMum growt h. -If we nov assume Xx - R1(x) then a sheared 9 x B

Velocity flew arises V. - V y(x) a-ci (z)/3. Applying local theory to

this situation, one might ,expect that Eq.- (16) Is still valid with V

evaluated at xot i.e., V ,- V (x.). Thus, Bqs. (19) and (20) followea eyo
accordingly* but the real frequency ts now given by w r - 'ky V s(x ).

N1ovevert NOrkins and as. (1975) have shown, both analytically and using

numerical simulations,, that this Is not the case. WeV do not reproduce

their detailed analysis hare, but rather,* point out the Important result

of their work.,

Norkina and Wals (1975) consider the strong collision

l~t (in >w) so that Ion Inertia terms can be neglected. Furthermore,

12
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they sem. V (a IDV 0 which leads to

u(x) E x(z) - no I* -z constant (21)

where a -u(x- and Box %I(- ) this to evident from Eq. (7)

by noting that %(Z) -1xla sad via >> a c~Y/3Jn In this limit, Eq.-

(15) reducs to

a kV

2 kczs k a" k V VIP22

0ey ii

wherwmw- VaVm-(clE/)(/(z)) and '-(CZ3)(/~)"

Perkins and. Ibles, (1975) expand eq. (22) about x -o where X0 io the

position of maxim m '/n by taking

aa-[1-(Z-'z, )2/D2,/% (23)

Asqislag 122>>- amd 112D2 >> to em by askng several variable chmages.

they solve Nq.- (22) smalytically. The important conclusion of their

theory Is that Is that the b ointability Is stabilised when

>3 z* (24)

Thus *the Influence of velocity shear, *Ie., an inho m ous 3Z *Is to

preferentially stabilise the short wavelength modes * those with kyD >> 1.



5. numerical hbults

In order to solve Sq. (15) numerically, and also to gain insight

into the nature of the solution, w transform Eq. (15). First, we note

that Eq. (15) is of the form

#" + p(z) #' + q(z) 0. o(25)

where p(z) and q(z) are the coefficients of * and #p respectively, in q.

(15). We lot

- * ezp(-1/2p(s) do) (26)

Substituting Eq. (26) into Eq. (25), we find that the transformed equation

is

- Q(z) 0 mO (27)

where

Q(X) - .q(z) + 1/2 p"(z) + 1/4 (p(z)) 2  (28)

and

a e I)(29)

a U + .vin

n ()2) iv k V

- n (1- .+ 22iv kV In

1 y in + + ey (30)

+IvVn In n )(0

14



Equation (27) has a simple form albeit Q(x) is a coplicated function of

x, which allows physical insight into the nature of the mode structure.

As an example, if Q is real and has Q > 0 for Jxj > z o and Q < 0 for Jxi <

then one would expect a bounded solution of In the region JxJ <z

that exponentially decays for Ixi > xo .

We now solve Eq. (27) nmerically for a variety of conditions to

better understand the influence of an inhomogeneous electric field on the

x tInstability. In all of the cases presented, the following density

profile is assumed

n(x) no I + C tank (z/L) (32)

where 0 4 e < 1, L cbracterises the width of the boundary layer, and

So - (x - - B). ly varying g, the magnitude of the density gradient

-1scal. length I ~(LR m)) can he changed. -not tos, as C .0,0

• *(a comateat demsity profile); as 6 + 1, the value of Ln 0 (a

rapidly Changing density profile). We aseme €- 0.95 for the results

presented so that

do

Ei-) 1.43 x t x/L - 0.9 (33)

The suau growth rate of the instability Is expected to be

S- 1.45 (Vo/L) (34)

where Vo n cSo/ and w have used Eq. (19) assuming No a

15
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Soe abient electric field Is chosen to be

t() Z x(z) ; + Z' eY (35)

where

It(xm) E sin ex + E 0con 0 ey (36)

so that 0 tan-1 ( /E)at x - M - TeInfluence of the x component of

the electric field Is then studied by varying 0 9 the angle between

It and *y at z Tw . ~o forms of K%(x) are considered In the analysis:

3(z) lo sin 8-constant (37)

and

%~(x) % i sin 0 (nofn(z)) *constant (38)

These allow us to contrast the effects of no velocity shear and velocity

shear on the Instability., lb cine~t that Eq. (36) Is an equilibrium

solution which satisfiLes V *(n y)-0 In the strong collisional lUnit

vin >> (I.e., sq. (7)).,

In11. 3 we plot . -Y/(V/L) ekL for 9Od*and geandinv/

(V 6/!.) - 1. 0 and 100.0 wh Uere Xx is chosen to be constant (Sq. (37)) mid

V0 a ci /3. A general eament on all of the curves shoua Is that y' Is an

Increasing function kyL 9 but y asymptotes to a constant value Independent

of Y for k2 L 2 >> I. This is consistent with the predictions of local
yy

theory. Te "standard" case is, 0 - 00 j, that is 9 and there Is no
ysy

component of ;, parallel to the density gradient. For this case, two

values of ;are chosen: strong collisions (-100.0) and weak



1.4 
ma 0

1.0-

038
y -*0 V1

0.6

0.4-

kyL

fg. 3 Plot of y /(YfL) vs. Y 1 for m? and 9e., and

for V vlnI(VOIL) - 1.0 and 100.0. The electric field Is

assumed to be constant (Sqa. (37)).
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collisions (v- 1.0). As Is expected, the growth rate Is larger for the

larger value of ; in the short wvelength regime (k L> 1). Also, the
4 y

growth rate for V- 100.0 at k yL - 30 is Y - 1.39, and Is still

increasing, although slowly, as a function of k yL. This value of y agrees

well with the value obtained from local theory (Y- 1.45 from Eq. (33)).

The growth rate for the weak collision case V - 1.0 asymptotes to a

somewhat smaller value of Y (y - 0.79). However, note that the difference

between the growth rates for the strong and weak collisional cases becomes

smaller as k yL + 0, and that the growth rates are, in fact, comparable foryA

k L = 0.1. he "non-standard" case Is 0 - 900, or E - E ex and the only
y

component of It Is along the density gradient. The major result of this

limit Is simply that the instability can still persist even though

Ey - 0. The overall influences of v and k L on the Instability are the
y y

same as in the previous case, 0 - 900.

In Fig. 4 we plot Yvs. kL for 0 0 and 70° and - 1.0 and 100.0,

but consider %x to be a function of x as in Eq. (38) so that velocity

sheared flows occur for 0 * 00o The curves for 'v 1.0 and 100.0

and e - 0 are show for comparative purposes. The Important results in

this figure are as follow. First, the mode is stable for k L > 12 for

both the strong and weak collisional cases when 0 - 700• This is in

agreement with the conclusion of Perkins and flles (1975); velocity shear

effects tend to stabilize the short wavelength modes, those such

that k2 L >> 1. The influence of shear on the long wavelength
y

modes (kL < 1) is weakly stabilizing. Second, the difference in the

growth rate curves for - 1.0 and 100.0 is much less than that of the

case of no shear (i.e., 0 - 0). And finally, since velocity shear can
stabilize short wavelength modes before long wavelength modes, velocity

18
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1.4 ,' ,,1

1.2-

("0. 1

0.6-

0.4-

1 101 102
kvL

Fig. 4 Plot of y- Y/(V0/L) vs. YL for mOP and 70° , and

for - v1n/(Vo/L) - 1.0 snd 100.0 The electric field Ex is

ssemed to be inhomoseneous (kq. (38)).

19
i



er-- ON

Row

'6 ' A
-~AIv

t aw&

ov, 77 771

gg -M' M, 2+

big

212



1.4 9- 0

1 '- 0 -10°

1.0

0.8

] 0 =700

0 .-800

110 102

kyL

Vl. 5 Pot of Y/(Vo/L) vs. kyL for vn/(Vo/L) 100.0

and . OP, lo° , 3?o, 5?, 700 and 80.
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A 1.2

1.0-

0.8-

0.6- 00L7.

0.4-

Ex~w cnst

Fig. 5 Plot of y - Y/(V 0 L) vs 8 for Y1 ft In/(V 0IL) -100.0,1ky'L -1.0

and 10.0,, and E.A - cunt (Eq. (37)) and R, cnt (Eq. (38)).

22

!a Ql n



node? Tb shed light on this question, we consider the following

simplified equation

k2 ik k y(cl /B) n (9
y YWky (Ve/)n

That Is, we consider the limit V > 1 and retain the x-dependent, Doppler-

shifted frequency (w - k V (X)) as the only contribution of the
y ey

inhemogeneous electric field profile. We neglect terms proportional to

Vy, V;y* and n " . We emphasize that Eq. (39) is not the complete mode

structure equation, but Is solved and contrasted to the correct solution

in order to isolate a single effect of the field inhomogeneity, viz., the

x dependent resonance w - k V (x). In Fig. 7 we plot y vs, k L for
y ey y

B- 700 and 1. is given by Eq. (38). The solid curve Is the solution to

Eq. (27) for V - 100.0, while the dashed curve Is the solution to Eq.

(39). AlthouSh there Is a small difference between these curves

for k yL < 1, the Important point is that the mode Is stabilized at

k L a 13 In both cases. Thus, the stabilization mechanism Is relaog pa
y

the x dependent resonance w - k V ey(z), as opposed to velocity shear

effects associated with terms proportional to V;, and V; y This Is a key

result of this analysis.

We now turn our attention to the mode structure associated with the

OS x IL instability, and the Influence of an inhasogeneous electric field on

its structure. Figure 8 is a plot of the density profile n(x)/% (Eq.

(32) with C - .095) and the electric field profile Zx(x)/Eoz (Eq. (38)

With % - 1o sin 0) versus x/L. For 0 - 00. the electric field profile

is simply lZ(z)/ 1o - 0. We present plots of Q and vs. i/L for these

profiles. In the subsequent plots of Q and , the subscript r denotes the
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0.24

0.20

0.16- Eq.(15)

y

(To/ U 0.12- Eq. (39)

0.08-

0.04

0.00
10-1 1 10 102

kyL

F Fig. 7 Plot of y Y/(VoIL) ve kL for V - -

and 0- 70° using Eq. (27) (solid curve) and Sq. (39) (dashed

curve). The electric field I is "eamed to be inlamogeneous
, (Eq. (38)).

(Sq
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real port of Q or *, and I denotes the Imaginary part of Q or . The

parameters considered for the first set of modes are k1L n

10.0, - 100.0, and 0 - 00 (Fig. 9) and e = 700 (Fig. 10). These modes

are considered to be short wavelength modes since kyL >> 1.

Figure 9 is a plot of Q (Fig. 9a) and (Flg. 9b) versus z/L for the

case of no electric field inhomogeneity (6. 00 or E,(z) - 0). the

esgenfrequency for the mode is w " 0. 0 and y.- 1.329. the Importantr
points to note are the following. First, the wve potential Q is real and

Is such that Q < 0 for -1.3 < x/L < -0.5 and Q > 0 otherwise. Second, the

wave potential Q achieves a minimu at x/L N -0.9, the position of maxImum

I (Eq. (33)). Third, consistent with this form of QO the wve function

# is a bounded mode centered about x/L w -0.9 that falls off expoenutially

for x/L > -0.5 and x/L < -1.3. And finally, the wve function is

reasonably broad in that its half-width at half maxtmun (z) is comparable

to the width of the boundary layer, i.e., Az u L/2.

Figure 10 is a plot of Q (Fig. 10s) and * (Fig. lOb) versus z/L for

the case of an inhomogeneous electric field (0 - 700 and Z5(a) is shown in

Fig. 8). 2he aigenfrequency for this case is ;r - 0.5307 and Y'- 0.0716.

Note that the node has a real frequency in contrast to the previous case

and that the growth rate is smaller. Other Important differences between

this situation and the previous one are as follows. First, the av.

potential Q is shifted to a larger value of x/L. The position of the

ministn value of % is at x/L 0 -0.12. Also, note that Q also has an

Imaginary component. Second, the wve function 4 is the lowest order mode

and has considerably more structure in x/L then the no shear case.

Finally, the spatial extent of is somewhat narrower with Az 0.1 L.
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Vi]. 9 Wave potential Q and wave aigenfunction *as a function of x/L.

he subscripts r and I denote real and I-aginary, respectively.

he parameters considered are kL - 10.0, V - v:in/(Vo/L) - 100.0

and 0 - 0 (i.e., I - 0). lhe elgentrequency

in or - 0.0 and Y- 1.329. (a) Q vs. x/L. (b) vs. z/L.
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VI;. 10 Umv potential Q and weve esenfumctlm as a function of X/L.

The mbsmripts r and I demote real ad lmaginary, reepectively.

The pIrmeters used are y a 10.0. ;a VL./(Vo/L) a 100.0,

and 4 , 70P *ere 1 Is given by l. (358). The elgeufrequency

to 0.53o7 and T- a.071. (a) v,. z/L. (b) vo. X/L.
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A longer wavelength mode Is nov considered. We Vschoose kL-0.1 so

that kyl, << 1, 'but still consider v*100. 0 as In the ahort wavelength

Case. Figure 11 io a plot of the density profile n(x)/ On W n electric

field profile Ix(x)/E6 z for the same parameters as In Fig. So ftwever,

- the range of zIL Is expanded for comparison to the broadened mode

* structure. Figure 12 Is a plot of Q (Fig. i2a) and j(Fig. 12b) for the

case of no electric field inbomogenity (0 - OPor z x) - 0). * Te

sigenfrequency Is uor 0.0 end a0.0930. The character of Q Is

considerably dif ferent from the short wavelength case (Fi8g ) 9. The

position of the minimum of the potential well Is shif ted to x4L a 0. 0.

Noroover, a "potential anti-wtell" =eits for -5.0 -C /L 4 0.0 which tends

to Inhibit mode penetration in this region. The corresponding

eigenfunction (Fig. 12b) Is also substantially different from the short

wavelength case (FigS. 9b).* First,, the wave function has a surface wave

character In that ezsp (-). ocond, the wavef unction is

asyetrical about the position of .m1ninu . 0 zIL a 0.0. The

wevef unction falls off very rapidly In the region -4.0 < x/L < 0. 0 which

Is due to the "potential anti-well" of Q In this region. lbr x/L < -4. 0,

falls off more gradually, similar to Its behavior for x/L > 10. 0. And

finally, the wave function Is very broad,, extending out to z/L - 50.0.

Figure 13 Is a plot of Q (Fig. 13s) and (Fig. 13b) versus zIL for

the some parameters as Fig. 1.01, but uov we take 0 - 700 so that the

electric field Is inhomogeneous (see Fig. 11)o *b Te Senfrequency Is

a* - 0.0057 and Y~ - 0.0314. Although both the wave potential Q and the

wave eigenfunction now have Imaginary componets, Q and *are quite

A similar to the no shear case. 7 he wave function Is centered about x/L -

0.0, has an asymmetrical nature, and extends up to z/L -50.0. Thus, the

2.
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Fig. 11 Equilibrium density (Sq. (32) and electric fiLeld (Sq. (38))

profiles for c -0.95.
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lMe subscripts r and i denote real and Inaginary, respectively.

lie parameters considered are kYL - 0.1, -v 1 /(Vo/L) " 100.09

and 0 - 00 (i.e., r w o). The el.genfrequency

Is o .0and o.0930. (a) Q vs. x/L. (b) vs. x/L.
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The subscripts r and I denote real and luaginary, respectively.

7he parmiters considered are k 0.L - 0.1, a /n(Vo/L) - 100.00

and 0 - 70° where 3. Is given by Eq. (38). he e lgenfrequency

is ;r - 0.0057 and = 0.0314. (a) Q vs. x/L. (b) vs. z/L.
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influence of the electric field inhomoseneity on the wave structure in the

long wavelength regime (kyL << 1) Is such less pronounced than that in the

short wavelength regime (kyL >> 1). fowever, the electric field

inhomogeneity does reduce the growth rate of the mode significantly.

Finally we present Fig. 14 which is a marginal stability curve

(i.e., Y - 0) of 0 vs. k yL where we have taken v - 1.0 (dashed curve)

and and 100.0 (solid curve). Modes are stable (y (0) and unstable

(Y > 0) above and below each of the curves, respectively. The ratio

3.(%o)/Ey is for the case ' - 100.0 and has the following meaning. It is

the ratio of UX to ay evaluated at x - x , where Xo is the position of

mode localization. The position of mode localization is defined as the

portion of the minimum value of 0r, which corresponds to the saxiue value

of * . For the parameters chosen, it is found that o - 0. The marginal

stability criterion is then given by

E O )0.05 tan O (40)
E asy

where 0 is the value of 0 at marginal stability and we have used Eqs.us
(32) and (38) with C - 0.95. From Fig. 14 we fiad that

ma4 y (41)

where 0 is measured in degrees. Substituting Eq. (41) into Eq. (40), we

obtain

Ex(xN) 0.os(42)

, tan (. L) (42)
7 7
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or to

0 E xO 0.8 E x

70-0.4

UNSTABLE 0.2

2.0 4.0 6.0 8.0 10.0 12.0 14.0
kyL

PIS. 14 Marginal stability curve of 0 vs. Y7  for -1.0 (dashed curve)

and V-100.0 (solid curve). The mode Is stable (y < Q) end

unstable (Y > 0) above and below each of these curves,

respectively- The ratio R,(x,)/L, vs. kyL Is for the

I case v-100.0 where xo/L a 0.0 is the position of mode
localization. In all of these curves, Sq. (38) has been used for
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or
(Z) 2.05 (43)

y y

for kL << 36.0. Note that Eq. (43) is qualitatively consistent with the

result of Perkins and Doles (1975) in that there is an inverse

relationship between E%(xo)/E y and k y. Also, Eq. (43) Is also

quantitatively consistent (see Eq. (24)) since D ) L for the profiles

used. Finally, as 0 approaches 900, I.e., y + 0, the wavenumber of the

last unstable node approaches 0. There is no Instability at e - 90° ; this

has been demonstrated analytically by Perkins et al. (1973).

4 'V
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IV. DISCUSSION

We have presented a general theory of the E x B instability allowing

for an arbitrary (1) density profile, (2) Inhomogeneous electric field

parallel to the density gradient, and (3) ratio of the collision frequency

to the eigenfrequency (i.e., Vin/W) .  A differential equation is derived

which describes the structure of the mode in the direction of the

inhomogeneity, which we have considered to be the x direction. The theory

Is restricted to wave numbers such that k yL « Qi/vn and kyL « Q/w;

since it has also been assumed that Vin/01 << 1 and w/ 0 1 this

restriction is not important. This work Is basically an extension of the

analysis of Perkins and Doles (1975), whose theory is restricted to the

regime Vin/w 1 and k L > 1, and considers a specific density and

electric field profile. The principal results of this study are as

follow.
1. For a constant electric field profile, instability persists even

when Ey - 0 (e - 900). In fact, instability also occurs for

R.. < 0 (8 > 900) when an/ x > 0; this is contrary to the simple oneY

dimensional result (i.e., k - kyey) which requires Ey an/ax > 0 for

instability. Thus, two-dimensional mode structure (i.e., k - ke +

k e y) is crucial to the instability (Eq. (18)) (Linson and Workman, 1971).

2. For an inhomogeneous electric field, an inhomogeneous E x B

velocity occurs (V (X) = -cE(x)/B) which has a stabilizing influence on
y x

the mode. Moreover, the short wavelength modes (ky L 1) are

preferentially stabilized over long wavelength modes (k yL < 1). This

result is consistent with the work of Perkins and Doles (1975).
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a. The functional for, of 1(x) is not critical to stabilization

of the mode. In the absence of any plasma sources or sinks, the Ion

continuity equation gives the equilbriu relationship ietween the density

(n(x)) and the electric field Ex(x), as given by Eq. (7) (also, see Fig.

8). Perkins and ales (1975) use this relationship In their analysis.

Jowever, w have considered other electric field profiles (e.g., Ex(x) u

n(z) and 1x(x) * tanh (x)/n(x)). We have found that the Instability is

still stabilized by the velocity Inhomogenelty, again preferentially

stabilizing the shorter wavelength modes, but that the marginal stability

curves are different from Fig. (13).

-* b. The mode is stabilized because of the x-dependent resonance

w - k V ey(z) in Eq. (15). Term proportional to vY /Sx and 32vy/a 2

are not important for stabilization.

c. Perkins at al. (1973) have shown analytically that the mode

Is stable for Ey - 0 and Kx given by Eq. (21). The nuerical results

presented here are consistent with this conclusion. Dbuever, we add that

as B + 0 then kyL + 0. Ths is clar fromF Fg. (14) by noting that

k yL 0 as 0 +90P.

d. In general, it is found that as Vin decreases the growth rate

of the mode decreases; this is expected from linear theory (Eqs. (19) and

(20)). HDwever, in the case of an inhomogeneous electric field, the

4. difference In growth rates between the strong and weak collislonal limits

considered is nwt significant (see Fig. (4)). Furthermore, the

stabilization criterion is not sensitive to vin (see Fig. (14)).

These results are applicable to the development of the R x B

instability in both barium releases and the high latit, 4 e F region

ionosphere. Firsto the important aspects of an inhomogeneous electric
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Sfield on barium cloud striations has been adequately addressed by Perkins

and Doles (1975). In particular, they note that (1) the back side of a

plasma cloud must steepen sufficiently so that it is almost one-

dimensional to allow the node to grow (i.e., E = E e ) and (2) the
y y

stabilization of the node due to Ex(x) may explain why the sides of a

plai cloud do not become unstable. Furthermore, from our studies, we

night hypothesize that the "freezing" phenomenon tn plasma cloud

striations (see McDonald et al., 1981) could be due to shear stabilization

effects, since shear stabilization acts preferentially on short wavelength

modes, I.e., k L >> 1, but not on long wavelength modes, i.e., k L ( 1.
y y

Second, the role of an inhomogeneous electric field in

the x i Instability can be very important in the structuring of plasma

"blobs" observed in the high latitude F region. Experiuental observations

(Vickrey et al., 1980; Tsunoda and Vickrey, 1982) indicate structuring In

both the east-vest and north-south directions. Moreover, small-scale

structuring of the walls of the "blobs" have also been observed and is

attributed to the x 1 instability and/or the current convective

instability. The plasma configuration is not well-known but the

morphology of the "blobs" appears to be very complex. Not only are there

Inhomogeneities anticipated in the electric field, but there are also

neutral wind effects, field-aligned plasm currents, and possible coupling

effects between the I and F regions. A complete theoretical treatment

incorporating these effects Is beyond the scope of this paper. Mowever,
the results of this analysis strongly sqgest that in order for

the 11 x j drift instability to be a viable candidate for structuring in

the high latitude 7 region, then the nbient electric field must be

orthogonal or nearly orthogonal to the density gradient. A more complete
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discussion of this problem widll be deferred to a later report in which the

Influences of a f ield-aligned current and neutral wind ore Incorporated

Into this analysis.

- ACXcNcMLCDGENTS

This work has been supported by the. Defense Nuclear Agency and the

Office of Naval Research.

U.9



"uj' *w • .. -• , . . * P . , ." ' o.. __ _ _'-- _ _ *:r; _, ? ,* . , ,- o- . . ,•-... ., . o -. - -, , - . . .. -•

RZFERENCES

Chaturvedi, P.K. and S.L. Ossakow, "Nonlinear Stabililstie of the I x 3

Gradient Drift Instability in Ionospheric Plams C(lods," J.
Geophys. Res., 84, 419, 1979.

Boh, F.C., "Instability of Penning-Type Discharges," fts. Fluids, 6, 1184,

1963.

Keskinen, .J. and S.L. Ossakov, "Effect of Different Initial (nditions

on the Evolution of the _ x B Gradient Drift Instability in

Ionospheric Plasma Clouds," NL e mo Report 4490, April 1981.

inson, L.M. and J.B. Workman, "Formation of Striations in Ionospheric

Plazma Clouds," J. Geophbys. Rs., 75, 3211, 1970.

McDonald, I.E., S.L. 0ssakov, S.T. Zalesak, and N.J. Zabusky, "Scale Sizes

and Lifetime of F Region Plasma Cloud Striations as Determined by

the Condition of Marginal Stability," J. Geophys. Rls., 86, 5775,

1961.

0ssakow, S.L., P.L Chaturvedi, and J.B. Workman, "Ugh Altitude Limit of

the Gradient Drift Instability," J. Geophys. es., 8.3 2691,

1978.

0sakov, 5.L., Ionospheric Irregularlties," Rev. Geophys. Space lbys.,

5321, 1979.

Ossako,, S.L., N.J. tsbklnen, and S.T. Zalesk, "Ionospheric Irregularity

'-1 Riyeics MWdelling," AIAA 20th Aerospace Sciences Meting, AIAM-

82-01479 1982.

erkiUns, F.., N.J. Zabusky, and J.I. Doles I1, "Deformatiou and

Striation of Plasm Clouds In the Ionosphere, I," J. Goplys.

fee., 76, 697, 1973.

40



777 7N-

Parkims, F.V. sad J.H. Dole 111, "Velocity Shear and the Z z B

:'Instability," J. Geophys. A-8., $0 2119 1975.

Scannapieco, A.J.,, S.L. Osakov, S.R. Goldman, and J.M. Pierre, "Plaema

Cloud Late Time Striation Spectra," J. Geophys. Uas., 61, 6037,

1976.

Shiau, J.N. and A. Simon, "Onset of Striations in Barium Clouds," Phys.

Rev. Ltt., 29, 1664, 1972.

Simon, A., "Instability of a lUrtially outxed Plasna in Crossed Electric

and abignstic Flelds," Phys. Fluids, 6, 382, 1963.

Simon, A., "Growth and Stability of Artificial Ion Clouds In the

Ionosphere," J. Geophs. . 75, 6287, 1970.

Tsunoda, R.T. and J.F. Vickrey, "Evidence of East-West Structure in large-

Scale 1-Region Plama Enhancements in the Auroral Zone,"

submitted to J. Geophys. les., 1982.

Vickrey, J.F., C.L. Rino, and T.A. Poteara, "Qatanlka/Triad Observations

of Unstable Zoniation Enhancements in the Auroral F-Region,"

Geophys. ies. latt., 7, 789, 1980.

Volk, N.J., and 0. bnerendel, "Striations in Ionospheric Ton Clouds, 1,"

J. Geophys. Res., 76, 4541, 1971.

Zabusky, N.J., J.H. Doles III, and F.. ferkins, "Deformation and

Striation of Plasma Clouds in the Ionosphere, 2. Numerical

Simulation of a onIlinear TWo-Dimensional Nodel," J. mophys.

Res., 76, 711, 1973.

41



DISTRISUION LIST

DEPARTMENT OF DEFENSE

ASSISTANT SECRETARY OF DEFENSE COMMANDER
CONK, ClD, CONT 7 JINTELL FIELD COMAND
WASHINGTON, D.C. 20301 DEFENSE NUCLEAR AGENCY

OICY ATTN Jo 3*3000K KIRTLAND, AB, HK1 67115
OlCY ATM M. EPSTEIN OICY ATTN FCPR

DIRECTOR DIRECTOR
COWMAM CONTROL TECHNICAL CENTER INTERSERVICE NUCLEAR WEAPONS SCHOOL
PNTrAON R 61 685 KIRTLAND APB, NK 87115
WASHINGTON, D.C. 20301 010! ATTN DOCUMENT CONTROL

01CY ATTN C-650
OlCY ATTN C-312 L, MASON JOINT CHIEFPS OF STAFF

WASHINGTON, D.C. 20301
DIRECTOR OICY ATTU J-3 WWCCS EVALUATION OFFICE

DEUS ADVANCED 35011 PRAJ AGENCY'
ARCHITECT BUILDING DIRECTOR
1400 WILSON BLVD. JOINT STMAT TOT PLANNING STAFF
ARLINGTON, VA. 22209 OIFUTT AID

01C! ATTN NUCLEAR MONITORING RESEARCH OMHAA IS 68113
OICY ATTN STRATEGIC TECH OFFICE GICY' ATTN JLTW-2

OICY ATTN JPST G. GOETZ
DEFENSE COMUWNICATION ENGINEER CENTER
1860 WILE AVENIUE coiEn
RESTON, VA. 22090 LIVINOI DIVISION FLO COMMAND DNA

010! ATTN CODE 2410 DAUBMET OF DEFENSE
010! ATTN CODE B812 LAWRENCE LIVERMORE.LABORATORY

POO. sox M0
DIRECTOR LIVERMORE, CA 94550
DEFENSE COMMUNICATIONS AGENCY OICY ATTN FCPUI.
WASHINGCTON, D.C. 20305

(AMR CIKDI: ATTN CODE 240 FOR) COMMANDANT
010!. ATTN CODE 1035 NAmZ SCHOOL (SHAPE)

*10 NW YOIR 09172
D6FENSE2 TECHNICAL INVOINATION CENTER 010! ATTN U.S. DOCUMENTS OFFICER
CAMERO STATION
ALEXANRWIA, VA. 22314 UNDER SECT OF DEP FOR 38CR & ENGRG

02CY DEPARTMENT OF DEFENSE
WASHINGTON, D.C. 20301

DIRECTOR OICY ATrN STRATEGIC & SPACE SYSTEMS (OS)
DEFENSE NUCLEAR AGENCY
WASHINGTON, D.C# 20305 WmCS SYSTEM, ENGINEERING1 ORG

010! ATTN STY WASHINGTON, D.C. 20305
040! ATTNl TI?!. 010! ATTN &. CRAWFORD
0101 ATTNl DDST
03C! ATTN RAAB CCOMANDER/DIRECTOR

ATMSHRIC SCIENCES LADBORATORY
U.S. ARM! ELECTRONICS COMMAND
WHITE SAND MISSILE RAMG, Ml 68002

01ICY ATT MEAS-10 F. MILES

48



DIRECTOR COMNER
B1Q ADVANCED TECH CTR U.S. ARM NUCLEAR AND CHEMICAL AGENCY
EWMLLg OFFICE 7500 BACLICt ROAD
P.O. BOO ism BLDG 2073

UNSILLS, AL 35807 SPRINGFIELD, VA 22150

OICY A£T ATC-T MELVIN To CAPPS OICY ATTN LIBRARY
OICY ATTN ATC-O W. DAVIES
OICY ATTN ATC-R DON RUSS DIRECTOR A

U.S. ARMY BALLISTIC RESEARCH LABORATORYPROGM MANAGER ABERDEEN PROVING GROUND, MD 21005

BUD PROGRAM OFFICE OICY ATTN TECH LIRARY EDWARD BAICY
5001 EISENHOWER AVENUE
ALEXANDRIA, VA 22333 COMMANDER

OICY ATTN DACS4MT J. SHUA U.S. ARMY SATCON AGENCY
FT. MONOUTH, NJ 07703

CHE1F C-- SERVICES DIVISION 0ICY ATTN DOCUNENT CONTROL
U.S. ARMY COMMUNICATIONS CUD
PENTAGON 5 3269 COMMANDER
WASHINGTON, D.C. 20310 U.S. ARMY MISSILE INTELLIGENCE AGENCY

OICY ATTN C- 3-SERVICES DIVISION REDSTONE ARSENAL, AL 35809
OICY ATTN JIM GAMBLE

COtMNDR

FRACOK TECHNICAL SUPPORT ACTIVITY DIRECTOR
DEPARDIENT OF THE AMY U. So ARMY TRADOC SYSTEMS ANALYSIS ACTIVITY
FORT MNNOUTH, N.J. 07703 WHITE SANDS MISSILE RANGE, HK 88002

OICY ATTN DRSEL-NL-RD He B363T OICY ATTN ATAA-SA
OICY ATTN DRSL-PL-eNV H. BOSKE OCY ATTN TCC/F. PAYAN JR.
OlCY ATTN J.E. QUIGLEY OICY ATTN ATTA-TAC LTC J. HESSE

CWMMANDU COMMANDER
HARRY DIAMOND LMORATORIES NAVAL ELECTRONIC SYSTEMS COMMAND
DZPARTMRNT OF THE ARMY WASHINGON, D.C. 20360
2800 PONDE ItL ROAD OICY ATT NAVALEX 034 T. HUGHES
ADULPRI, NB 20783 OICY ATTN IE 117

(CNWDI-NNER ENVELOPEs ATTN: DEL)D-39H) 010! ATTN FIE 117-T
OICY ATTN QRLHD-TI N. WINER OIC ATTN CODE 5011
OICY ATTN DLID-U R. WILLIAMS
OICY. ATTN DEID-EP F. WIMENITZ COMMANDING OFFICER

OICY ATTN DELRD-NP C. NOAZED NAVAL INTELLIGENCE SUPPORT CTR
4301 SUITLAND ROAD, SLDG. 5

COMMANDER WASHINGTON, D.C. 20390
U.S. ARMY CONK-ELC ENGRG INSTAL AGY 0ICY ATTN MR. DMBIN STIC 12
FT. HUACHUICA, AZ 85613 0ICY ATTN NISO-50

OICY ATTN COC-EMG GEORGE LANE OIC ATTN CODE 5404 Jo GALMT

C0JNAND COMMNDE

U. . AMiY PORZIGN SCIENCE & TECH CTt NAVAL OCCEAN SYSTEMS CENTER
220 7TH STRKT, RE SAN DIEGO, CA 92152
CHANL EILLE, VA 22901 03CY ATTN CODE 532 W. MOLER

OICY ATTN DST-SD OICY ATTN CODE 0230 C. BAGGETT
01CY AfTN L JONES OICY ATTN CODE 81 R. EAST4AN

U.S. hNff MATEIAL DEV & READINESS OlD
5001 uZSINUOWEl AVENMUE
ALEMRIA, VA 22333

0IC ATTN DRCLD J.A. BENDER

44



DIRECTOR COIANDER
NAVAL RESEARCH LABORATORY AEROSPACE DEFENSE COHMAND/XPD
WASHINGTON, D.C. 20375 DEPARTMENT OF THE AIR FORCE

OICY ATTN CODE 4700 S. L. Ousakov ENT APB, CO 80912
26 CYS IF UNCLASS. 1 CY IF CLASS) OICY ATTN XPDQQ

0ICY ATTN CODE 4701 JACK D. BROWN OICY ATTN XP
OICY ATTN CODE 4780 BRANCH READ (150

CYS IF UNCLASS, I CY IF CLASS) AIR FORCE GEOPHYSICS LABORATORY
OICY ATTN CODE 7500 HANSCOM APB, NA 01731
OCY ATTN CODE 7550 OICY ATTN OPR HAROLD GARDNER
OICY ATTN CODE 7580 OICY ATTN LIS KENNETH S.W. CHAMPION
OICY ATTN CODE 7551 0ICY ATTN OPR ALVA To STAIR
OCY ATTN CODE 7555 OICY ATTN PHP JULES AARONS
OICY ATTN CODE 4730 E. MCLEAN 0iCY ATTN P1D JURGEN BUCHAU
OICY ATTN CODE 4187 OICY ATTN PE JOUN P. MULLEN

COSIANDER AF WEAPONS LABORATORY
NAVAL SEA SYSTEMS COIMAND KIRTLAND AFT, N1 87117
WASHINGTON, D.C. 20362 OICY ATTN SUL

OICY ATTN CAPT R PITKIN OICY ATTN CA ARTHIR H. GUENTHER
OICY ATTN NTYCE liT. G. KEAJEI

CMMANDER
NAVAL SPACE SURVEILLANCE SYSTEM AFTAC
DAILGREN, VA 22448 PATRICK API FL 32925

O1CY ATTN CAPT J.H. BURTON OICY ATTN TF/KAJ WILEY
OICY ATTN TN

OFFICER-IN-CHARGE
NAVAL SURFACE WEAPONS CENTER AIR FORCE AVIONICS LABORATORY
WHITE OAK, SILVER SPRING, MD 20910 WRIGHT-PATTERSON AIB, OR 45433

OICY ATTN CODE F31 OICY ATTN AAD WADE WNT
OICY ATTN AAD ALLIN JOIESON

DIRECTOR
STRATEGIC SYSTEMS PROJECT OFFICE DEPUTY CHIEF OF STAFF
DEPARIMENT OF THE NAVY RESEARCH, DEVELOPIENT, & ACQ
WASHINGTON, D.C. 20376 DEPARTMENT OF THE AIR FORC

OICY ATTN NSP-2141 WASHINGTON, D.C. 20330
OCY ATTN NSSP-2722 FRED WMBUERLY OICY ATTN ARDQ

COMMANDER HEADQUATERS
NAVAL SURFACE WEAPONS CENTER ELECTRONIC SYITEI NDvistOUin
DANLGREN LABORATORY DEPARTMENT OF THE AlR FOMCE
DALGREN, VA 22448 HANSCOm AIn, mh 01731

OICY ATTN CODE D-14 Re BUTLER OICY ATTN Ue Jo DEA

OFFICER OF NAVAL RESEARCH HEADQUATEIRS
ARLINGTON, VA 22217 ELECTRONIC SYSTEMS DIVISIOI/Y8EA
OICY ATN CODE 465 DEPARTMENT OF THE AIR FCE
O1CY ATTS CODE 461 HANSCOM APB, MA 01732
OICY ATTN CODE 402 OlCY ATTN TSRA
GIC ATTN CODE 420
0ICY ATTN CODE 421 HEADQUATERB

ELEw NC SYSTEMS DIVISION/DC
CSMIANDER DEPARTMENT OF THE AIR FORCE
AEROSPACE DEFENSE COtAND/DC HANSCOM AnR, MA 01731
DEPAIISNT OF THE AIR FORCE 0ICY ATTN DCOE HAJ J.C. CLARK
Ilr AlS, CO 80912

OIC ATTN DC MR. LONG
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COMMIANDER Raw0, INC.
FOREIUG TCIWLOGY DIVISION, AiSC LOS ALAMOS DIVISION
WRIGN-PATTItRSON API, ON 45433 P.O. ox 809

OICY ATTN NICD LURARY LOS ALAKN, IN 85544
OICY ATTN ETDP S. BALLARD 0ICY ATTN DOC CON FOR J. GREEUDWY

COMANDER UNIVERSITY OF CALIFORNIA
ROM AIR DEVELOPMENT CENTER, ASC LAVRENCE LIVERMORE LABORATORY
GRIFFISS An, NY 13441 PoE. Sso 808

OldY ATTN DOC LBI ARY/TSLD LIVENSORX, CA 94550
OICY ATTN OCCR V. COYNE OICY ATTN DOC CON FOR TECH INFO DEPT

OOICY ATT DOC CON FOR L-389 R. OTTSAMSO/Sz OlCT ATTN DOC CO FORl -31 Lt SAGEKR
POST OFFIC1 901 92960 OIC ATTN DOC CON FOR L"46 F. SRWAhD
VORLWAY POSTAL CENTER
LOS ANGELES, CA 90009 LOS ALAMOS NATIONAL .LABORATORY

(SPACE DEFNSE SYSTEMS) P.O. SOX 1663
OICY ATTN SZJ LOS ALMS, 31 87545

OICY ATTN DOC CON FOR J. OIWO(TT
STRATEGIC AIR COMSANDIXFPS OICY ATTN DOC COS FOR L.. TASCIKI
OFFUTT Anl, IS 68113 0ICY ATTN DOC CON FOR e. JNil

OIC ATTN XWPS MAJ B. STEPHAN 0ICY ATTN DOC CON FOR J. MLIK
OIC ATTN AWATE mA BRUCE San11 OICY ATTN DOC CON FOR L JEIFRIES
OIC ATTN NlT 0IC ATTN DOC CON FOR J. ZIN
OICY ATTN DOE CHIEF, SCIENTIST OIC ATTN DOC CON FOR P. ATON

0IC ATTN DCC CON FOR D. VISTERVELT
SAWO/SK
P.O. 101 92960 SANDIA LABOM ORIES
WORLOWAY POSTAL CEiTEl P.O. B0 5800
LOS AMB ES, CA 9009 ALSUUQ E, 1 87115

OIC ATTN SKA (SPACE COMM SYSTINS) OICY ATTN DOC CON FOR V. IBM
N. CLAVIN OIC! ATTN DOC CON FOR A. TORIBROUGH

OIC ATTN D0d CON FOR TO VtIGHT
SAMC/MNi OIC ATTN DOC CON FOR D. DAULGREN
0N02T Al, CA 92409 OICY ATTN DOC CON FOR 3141

(NINTmIAN) OICY ATTN DOC CON FOR SPACE PROJECT DIV
OIC!T ATNIL LIC

SAMDIA LSORATORISS
comEmum LIVENNORE LABORATORY

IR A I EUMNT CUMER A1SC P.O. 1n 969
3100N Anl, NA 01731 LIVEUIORE, CA 94550

OICY AMf EP A. LORWItTW 0ICY ATTN DOC CON F0R B. WPMfY
O1CY ATIN DOC CON FOR T. COOK

0DPARSENT OF ENRE
LIURY ROO 0-042 OWFICK Or MILITARY APPLICATION
VAIHnuGTON, DOC. 20545 DemaNINT OF ENr1GY

OdIC ATTN DOC ON FOR A. LRTZ VASKIN'tOYCN, D.C. 20545
0ICY ATTN DOC CON M TO SONG

D1PWA ENT OF ENERGY
AID UQURIQUE OPERATIONS OFFICE
P.O. 101 5400
ALIUQDeIQUE, 31 87115 DPAUNIT OfI SURC

OICY ATTN DOC CON FOR D. 55IMO NAT1.NL SURAr OF STANDARDS
ASRNYOWN, D.C. 20254

(ALL 03153 ATTN lE OFFICER FOR)
OCY AT1 NO1O

ai
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INSTITUTE FOR TELECOM SCIENCES CHARLES STARK DRAPER LABORATORY, INC.
NATIONAL TELECOIUNICATIONS INO AMNIN 555 TECHNOLOGY SQUARE
BOULDER, CO 60303 CAMBRIDGE, MA 02139

OIC0 ATTN A. JEAN (UNCLASS ONLY) OICY ATTN Dog. COX
0IC ATTN V. UTLAUT OICY ATTN JoP. GILMORE
0ICY ATTN D. CREIE
OCY ATTN L. BER! COMSAT LABORATORIES

LITICUK ROADNATIONAL OCEANIC & ATNOSPHERIC AWMIN CLAIRS1URG, ND 20734
ENVIRONMENTAL RSEARC IAD ORATORTS OICY ATTN G. HYDE
DSPARTMENT OF =26=1C
BOULDR, CO 60302 CORNELL UNIVERSITY

01CY h , L GRUB D3PAITMIET OF ELECTRICAL ENGINEERING
01C ATTN AIROMM L G,. UID ITIACA, NY 14850

DEPARTMENT Of D NSE CONT S0ICY ATTN D.T. FARLEY, JR.

ELECTROSPACE SYSTEMS, INC.
AEROSPACE CORPOATINI B0X 1359
P.O. BOX 92957 RICHARDSON, TX 75060
LOB ANGLES, CA 90009 01C ATTNH. LOGSTON

01CT ATTIN 1. GARFUNL OlCY ATTN SECURITY (PAUL PHILLIPS)
01CT ATTN T. SAW
OICT ATTN V. JOSBVISON RSL, INC.
0ICY ATTN S. BOWE 495 JAVA DRIVE

icy ATTN No STOCUILL SUNNYVALE, CA 94086
01c ATtN D. OLSEN 01C ArTN J. MURTS

01C ATTi JANMS MARSHALL
UMALTIrCAL 8YSTI S UiiNUING CORP
5 OLD o001 MAD GENERA LETRIC oCPAMy
BnING '-O ma 01803 SPACE DIVISION

010! ATTN MotIO s0 3 VALLEY FO10 SPACE CENTER
1mm SLVD inG o RUSSIA

RUIIT UEARCEi ASSOCTE ', 10n. P.O, BOX 6555
P.O. Sol 953 PRILADEL PIIA, PA 19101
BERKEL, CA 94701 010! ATTN M.H. BOILTNER, SPACE 5C1 LAB

OICY ATTN J. VORDIAN
OICY ATTN C. PETTIN GENERAL ELECTRIC COMPANY

P.O. BOX 1122
lOEin omPANY, TIE SYRACUSE, NY 13201
P.0. BOX 3707 01CT ATTN P. REINERT
SEATTLE, VA 96124

01C ATTN G. UtSTiR GENERAL ELECTRIC TECH SERVICES CO., INC.010! hflNrlD.WREA fINES
010! ATTN V. NAILT wmas zOICY AMTI G. VAM COW SRU

01C ATTNJ. SYRACUSE, NY 13201
01CT ATTN G. HILLIM

BROWN ENINSING COMPANY, INC.
CEO S WONiC PAU m REARCH CORPORATION
NUNTO O AL 33007 SA4NTA SAMRA/I DIVISION

0IC0 ATTN Uom A. DmLERIJs P.O. BoX 6770
SANTA IA MARA, CA 93111

CAL1lNIA AT SAN DiO, UNIV OF OIC ATTN JOHN ISE, JR.
P9O, BOX 6049 01C AIN JOEL GAIKARINO
SAW DIEGO, CA 92106

4."



GEOPHYSICAL INSTITUTE KAMA SCIICES CORP
UIIVESITY 0? ALASKA P.O. BOX 7463
rAIRsmKS, AK 99701 COLORADO SPRINGS, CO 80933

(ALL CLASS ATTN: SECURITY OFFICER) OIC ATTH T. HEACHER
OICY ATIN T.N. DAVIS (UNCLASS ONLY)
OICY ATTN. TECHICAL LIBRARY KAMAN TEMPO-CENTER FOR ADVANCED STUDIES
OICY ATM NWEL BDR (UNCLASS ONLY) 816 STATE STREET (P.O DRAWER QQ)

SANTA BARBARA, CA 93102
GTE SYLVANIA, INC. OICY ATTN DASIAC
ELECTRONICS SYSTEMS GUP-ASTZRN DIV OICY ATE TIN STEPFANS
77 A STREET OICr ATTE WARRN S. flNAP
NEEDHAM, MA 02194 OICY ATIN WILLIAM HCHA4ARA

01CY ATN MARSHALL CROSS oCr ATIN S. GAMBILL

USS, INC. LINKABIT CORP
2 ALFRED CIRCLE 10453 ROSELL
BEDFORD, MA 01730 SO DIGO, CA 92121

OICY ATT DONALD HAN SEN OIC ATIN IRWIN JACOBS

ILLINOIS, UNIVERSITY OF LOCKHEED MISSILES i SPACE CO., INC
107 COBLE HALL P.O. BOX 504
150 DAVIPORT HOUSE SUNNYVALE, CA 94088
CHAMPAIGN, IL 61820 OICY ATTN DEPT 60-12

(ALL CORRES ATTN DAN NCCLELLAND) OICY ATTN D.R. CHURCHILL
OICY ATTN L YKER

LOKHED MISSI ES & SPACE CO. , INC.
INSTITUTE FOR DEF]S9 ANALYSES 3251 HANOVER STREET
400 ARMY-NAVY DRIVE PALO ALTO,, CA 94304
ARLINGTON, VA 22202 OICY ATTN MARTIN WALT DEPT 52-12

OICY ATTI J.H. AEIN OlCY. ATT W.L. IMF DEPT 52-12
OICY ATN MRST BASDR OCY ATN. RICHIARD 0. JOHNSON DEPT 52-12
OlCY ATTN HAWS VOLARD OICY ATTN J.s. cunIS DET 52-12
OICY ATMW JOEL BNGSTON

LOCKHEED MISSILE & SPAC CO." INC.
INTL TEL 4 TELEGRAPH CORPORATION HUNTSVILLE RESEARCH & ENGR. CTR.
500 WASHINGTON AVENUE 4800 BRADFORD DRIVE

NUTLEY, NJ 07110 HUNTSVILLE, AL 35807
OICY ATTN TECHNICAL LIBRARY ATTN DALE H. DIVIS

JAYCOR MARTIN NARIETTA CORP
11011 TOSREANA ROAD ORLANDO DIVISION
P.O. BOX 65154 PoO. BOX 5837
SAN DIEG, CA 92138 ORLMDO, FL 32803

!OICY ATTN J.L. SPERLING 01CY ATIN R. WFNER

JOINS 1PKWRNS UNIVERSITY M.I.T. LINCOLN LABORATORY
AFPLISD PHSICS LAVORATORY PO. BOX 73
JOI m0os13 IlAD wLXINGTX N, MA 02173
SLAURL, WD 20707 OlCY ATIN DAVID H. TOWLE,

OICY ATE DOCUNU0T LIBRARIAN OICY ATMN P. WALDON
OlCY ATE TI A POTURA OIC ATTN L. LOUGHILIN
01CY AT JI ASSOULAS OICY ATlW D. CLARK
OICY ATA . DONALD J. WILLIAMS
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MCDORMIL DOUGLAS CORPORATION ]HYSICAL DO CS, I3~o
5301 IMLSA AVENUE P.O. BOX 3027
ENUTINGTC BRACK, CA 92647 ima, vus, EL 98009

OICY ATN No HARRIS LCY AT E . FUOU

OCY ATM J. MOULE
01CTr ATTN1 G0120 X=I PYSICAL DYKAtICS, INC.
0CY ATM We. OLSON P.O. BOX 10367
01CY ALTN .. RALPltl OAX[LAD, CA, 94610

:: O1CT AT70 TUiMIXCAL LIBRARY SEICES ATTR A* THOMS(M

MISSION RESEARCH CORPORATION R & D ASSOCIATS

735 STATE STREET P.O. BOX 9695
3,MTA SAMtARA, CA 93101 MARINA DEL REY, CA 90291

0ICY ATN P. FISCHER OICY ATTN FORUST GIMUJl
01CY ATM V.. CtlRER 0ICY ATIN IRZAN GAIBARD
OICY ATM STEVEN Lo GUTSCHE 01CY ATIN VILLIAM 5. -UIrT, JR.
OICY ATIN D. SAPP1NFIELD OICY ATIN ROBET P. LEIER
0ICY ATE 3. BOGUSCH OICY AT WILIAM J. IAR.AE
01C[ ATM 1. HINDRICK OICY ATM E. OY
010C ATMI RALPH JILB 01C! ATM C. UMDALD
0ICY ATMW DAVE SOWSE 0ICY ATR R TURCO
0ICY ATN 1. PAJEN
01CY ATTN N. SCHEIBE RAOD CORPORATION, THE
OCY ATI CONRAD L. LCEGMIR 1700 KM STREET
OICY ATN WARREN A. SCHLUETER 8ATA MONICA, CA 90406

OIC0 AT= CULL CRAIN
MITRI CORPORATION, THE, OCY AIM ED DEDN01AZ
P.O. B1 208
SEORD, MA 01730 RANI"T1130 CO.

1 OIC AT JOHN NORGANSTIRK 528 BOSTON POST ROAD
01CY ATM . HARDING SUDURY, mL 01776
OICT ATM Co.. CALLAHIA 010 ATM SARlMA ADAtS

MITRE CORP RIVERSIDE USEARCH INSTITUTEWESTOAT , ISSEARCH. PARK 80 WEST END AVENUE
1820 DOLLY MADISON BLVD NEW YORIK, X! 10023
MCLEAN, VA 22101 0ICY ATM VINCE TRAPAKI

OICY ATIM V. HALL
0ICY ATI N. PFOSTER SCIENCE APPLICATIONS, INC.

P.O. BOX 2351
PACIIC-SIEUA RESEARCH CORP LA JOLLA, CA 92038
1456 a.OVSRFIDLD ELVD. OICY IT; LEWIS It. LINSON
SANTA MONICA, CA 90404 OICY AT DANIIL A. HAMLIN

OICY ATN N.C. FIELD, JR. OICY ATM I. PRIENA
010! ATTM S.A. STRiNKERPINSYLVANIA STATE UNIVERSITY OICY ATM CURTIS A. SMIET

IONOSPHERE RESEARCH LAB OICY ATIN JACK MCDOUGALL
316 ELECTRICAL NG1NMEING EAST
UMIVERSITY PARK, PA 16802 SCIENCE APPLICATIONS, DNC

(90 CLA8 TO TRIS ADDRISS) 1710 GOODIDGE DR.
01C A2IN IONOSPHERIC RESEARCH LAB NO.EAN, VA 22102

ATMN: J. COCKAUIE
PUOTOETRmICS, INC.
442 KARRET! ROAD

LEXINGTON, FA 02173
0ICY ATN IRVING L. KOUSKY
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*1 SRI INETONATIONAL
333 RAVENSWOO AVENUE

* MENLO PARK, CA 94025
01 CY ATTE DONALD NEILSON
01CY ATEN ALMN RUINS

Olff ATM LeL. COBB
OlCY A27NI DAVID A. JOHNISON
OldY A2TE WALTER'. CHESNUT
OldY ATEM CHABLIS L. 3130
OldY ATM WALTER JAYS
01CY ATER M. BARON
OlCY ATTM RAY Ls. LEADRAND
OICY ATES 0. CARPENTER
OlCY A27H G. PRICE
Old! ATTU J. PETERSON
Old! A27H L. SAE, JR.
Old! AT79 V. GONZALES
OlCY AME D. NCDAMIRL

STEWART RADIANCE LABORATORY
4 UTAH STATE UNIVERSIT!

1 DE ANGM.O DRIVE
BEDFORD, MA 01730

OICY ATTU J. ULVICK

TECHNOLOGY ITONAIOLM CORPI
75 WIGGINS AVENUE

A BEDFORD, MA 01730
Old! ATE9 V.P. BOQUIST

TRW DEFENSE & SPACE SYS RU
ONE SPACE PARK
REDONDO BEACH, Ch 90276

Old! ATES R. L. PLIDUC
Old! ATEN S.. ALTSCNULSR
O1ld! ATEM D. DEEK

VISIDYUE
SOUTH REDFORD STEE
BURLINGTON, MASS 01603

OICY ATIM W. REID!
OICY ATES J. CARP3TER
OICY A271 C.o3PHE
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IONOSPHERIC MODELING DISTRIBUTION LIST
(UNCLASSIFIED ONLY)

PLEASE DISTRIBUTE ONE COPY TO EACH OF THE FOLLOWING PEOPLE:

NAVAL RESEARCH LABORATORY NASA
WASHINGTON, D.C. 20375 GODDARD SPACE FLIGnT cENTER

* DR. P. MANGE - CODE 4101 GREENBELT, MD 20771
DR. R. MEIER - CODE 4141 DR. S. CHANDRA
DR. E. SZUSZCZEWICZ - CODE 4187 DR. K. MAEDA
DR. J. GOOD1AN - CODE 4180 DR. R.F. BENSON
DR. R. RODRIGUEZ - CODE 4187 NATIONAL TECHNICAL INFORMATION CENTER
CODE 2628 - 20CY CAMERON STATION

ALEXANDRIA, VA 22314
A.F. GEOPHYSICS LABORATORY 12CY ATTN TC
L.G. HANSCOM FIELD
BEDFORD, MA 01730 COMMlNDER

DR. T. ELKINS NAVAL AIR SYSTEMS COMMAND
DR. W. SWIDER DEPARTMENT OF THE NAVY
MRS. R. SAGALYN WASHINGTON, D.C. 20360
DR. J.M. FORBES DR. T. CZUBA
DR. T.J. KENESHEA
DR. J. AARONS COMMANDER
DR. H. CARLSON NAVAL OCEAN SYSTEMS CENTER
DR. J. JASPERSE SAN DIEGO. CA 92152

MR. R. ROSE - CODE 5321
CORNELL UNIJERSITY
ITHACA, NY 14850 NOAA

DR. W.E. SWARTZ DIRECTOR OF SPACE AN ENVIROMEITAL
DR. R. SUDAN LABORATORY
DR. D. FARLEY BOULDER, CO 80302
DR. M. KELLEY DR. A. GLENN JEAN

DR. G.W. ADAMS
HARVARD UNIVERSITY DR. D.N. ANDERSON
HARVARD SQUARE DR. K. DAVIES
CAMBkIDGE, MA 02138 DR. R. F. DONNELLY

DR. M.B. McELROY
DR. R. LINDZEN OFFICE OF NAVAL RESEARCH

800 NORTH QUINCY STREET
INSTITUTE FOR DEFENSE ANALYSIS ARLINGTON, VA 22217
400 ARMY/NAVY DRIVE DR. G. JOINER
ARLINGTON, VA 22202

DR. E. BAUER PENNSYLVANIA STATE UNIVERSITY
UNIVERSITY PARK, PA 16802

MASSACHUSETTS INSTITUTE OF TECHNOLOGY DR. J.S. NISBET
PLASMA FUSION CENTER DR. P.R. ROHRBAUGH
LIBRARY, NW16-262 DR. L.A. CARPENTER
CAMBRIDGE, MA 02139 DR. M. LEE

DR. R. DIVANY
DR. P. BENNETT
DR. F. LEVANS
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PRINCETON UNIVERSITY IUSITY of PITSURGH
PLASMA PHYSICS LABORmiORy PITTSRGH, PA 15213
PRINCETON, NJ 08540 DR. M- ZABUSKY

DR* P. PERKINS 3. M- IONDI
33. 3. OVaUmAn

SCIENCE APPLICATIONS, INC.
1150 PROSPECT PLAZA WASn STAn UNIVERSITY
LA JOLLA, CA 92037 S2Kn nISTUNTS

DR* D.A. HAMLIN 1000, WAR3 84322
DR. L. LINSON 33 .L HARIS

DR.R. RINANna. SAMU3
STANFORD UNIVERSITY
STANFORD, CA 94305

DR. P.M. BANKS

.4 uos. ARM ABIRu BASiAcIM
AND DI1VELOPMAUT CUTM

BALLISTIC RESEARCH LUDUAZORT
ABERDEEN, MD

DR. Jo UDRNEL

UNIVERSITY Of CALIORNIA,
BERKALAY

BUERLXY, CA 94720
* DI. me HUDSON

Wuzvnsrn OF CALIFORNIA
LOS ALAUM SCIENTIFIC LABORAXORY
J-101 MS-664
LOS ALUMO, 31 87545

M. PONGRATZ
Do.SIMS
Gs AMASCK
Lo DUNCAN
P. BERNHARDT

UNIVERSITY OF CALIFORNIA,
LOS ANGELES

405 IILLJARD AVENUE
LOS ANGELS, CA '90024

DR* F.Y. CONONITI
DR. C. KENNL
DR* AoY. WO0NG

UNIVERSITY OF MARYLAND
COLLEGE PARK$ MD 20740

DR, Lo PAPADOPOULOS
DR* a. OTT

MALIUMIIWNUI s 08I92 361-334/555 1-3
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